The HURRAN (hurricane analog) technique for selecting analogs for an existing tropical storm or hurricane is described. This fully computerized program examines tracks of all Atlantic tropical storms or hurricanes since 1886, and those that have designated characteristics similar to an existing storm are selected and identified. Positions of storms selected as analogs are determined at 12, 24, 36, 48, and 72 hr after the initial time. Probability ellipses are computed from the resulting arrays and plotted on an 2, y (CALCOMP) offline plotter. The program also has the option of computing the probability that the storm center will be located within a fixed distance of a given point at a specific time. Operational use of HURRAN during the 1969 hurricane season, including both its utility and limitations, is described.
INTRODUCTION
The HURRAN (hurricane analog) technique was developed at the National Hurricane Center in Miami prior to the 1969 hurricane season and used operationally on an experimental basis during the 1969 season. The technique attempts to make maximum possible use of past tracks of Atlantic tropical storms and hurricanes since 1886. The complete record of all storms is stored on magnetic tape; and (utilizing a computer) all those with designated characteristics in common with an existing storm are identified. These characteristics relate to the geographical location, direction and speed of movement, and the date. The appropriate cases having been identified are listed, and their hourly positions from the initial hour to 72 hr are compu ted. Probability ellipses, assuming tt bivariate normal distribution of the latitude and longitude components, are computed from the arrays a t 12,24,36,48, and 72 hr after the initial time, and a tape is computer-generated from which to plot the ellipses and appropriate section of map on an offline x, y, (CALCOMP) plotter. Examples of these plots are shown in figures 1 and 4. By integrating the probability density function, the probability contained in an offset circle or ellipse within any portion of the probability ellipse can be obtained. The computer program, by computing the necessary variables, expedites the use of tables that evaluate this integral (Groenewoud et al. 1967) .
The idea for such an approach to hurricane climatology has been suggested previously. Haggard et al. (1965) presented a paper on storm strike probabilities a t a conference on hurricanes. Techniques utilizing probability ellipses applied to a number of geophysical parameters have also been described by Rapp and Isnardi (1951) , Veigas et al. (1959) , Crutcher and Baer (1962) , and Tracy (1966) . Hope and Neumann (1968) used the concept in canes, Dec. 2-4,1969, Miami Beach, Fls.
1 Portions of this paper were presented at the Sixth Technical Conference on Hunscomputing the probability that Cape Kennedy would be affected by an existing storm. A brief description of the theory and method of computing probability ellipses follows.
The bivariate normal probability density function is expressed as 
2~W , i -G %
where G, the locus of which in the x, y plane describes an ellipse, is (Lindgren 1962) where the population parameters are px mean of the x (longitude) coordinates, p, mean of the y (latitude) coordinates, uz standard deviation of the x coordinates, uv standard deviation of the y coordinates, uz variance of the x coordinates, ui variance of the y coordinates, and pxy correlation coefficient between the x and y I n making computations from sample data, the population parameters are replaced by the respective sample parameters x, 'y, S,, S,, S:, Si, and T ,~. The probability that a randomly selected point (2, y) fa.lls into the region S of the 2, y plane is given by the integral of the probability density function (3) (Burington and May 1953) .
However, the locus of G=ca, where c is a constant, defines an equi-probability ellipse where, for each value of c, f(s, y) is a constant. For example, when c=1.1774, P=0.50. In general, the probability defined by a particoordinates.
--
cular value of c is given by
The semi-lengths of the major and minor axes of the ellipses t8hus obtained are computed by multiplying the standard deviation along these axes by the value of c for the particular probability desired. For obtaining the standard deviation along the Major and minor axes, however, the ellipses must be rotated first through an angle $ relative to the latitude-longitude grid to eliminate the cross product term in eq (2). The components along the rotated axes are then uncorrelated. The angle $ is determined by considering the general equation of an ellipse centered at the origin
A~+ B x Y + Cy2+F=O
(5) and rotating the axes through an angle t, b defined by B A-C tan 2+= -that in terms of eq (2) becomes (Groenewoud et al. 1967 ).
The variances along the rotated axes e and z are computed from the determinantal equation (Hald 1952) Solving for K2, one obtains where the larger value e is the variance along the major axis and the smaller value z is the variance along the minor axis.
The 
DATA
The basic data source was the North Atlantic tropical cyclone deck, originally compiled by the National Weather Records Center at Asheville, N.C., and included storm data through 1964. The original deck was based on tracks given by Cry et al. (1959) . The authors extended the deck to include tracks through the 1968 season and have carefully examined it and applied corrections where necessary. In particular, differences between some of the tracks in the original work and a later publication (Cry 1965) were resolved.
The magnetic history tape gives positions of storms back to 1886 at either 12-or 24-hr intervals, the 12-hr During the 1969 hurricane season, a linear interpolation subroutine was used to define the 3-hr positions. Wowever, for accelerating or recurving storms, the linear interpolation introduced some serious problems. These involved accepting as analogs some storms that probably should have been rejected because they did not meet the speed and direction criteria, or, conversely, rejecting some storms that should have been accepted. To offset this difficulty, a nonlinear interpolation scheme was devised,
The nonlinear method involves application of New ton's forward and backward formulas (Kelly 1967) carried to the third place in both the U and V components of the 12-or 24-hr storm positions. Since this technique leaves a slight discontinuity a t the anchor points, some weighted smoothing was accomplished a t these points. The 1989 season was rerun using the new interpolation scheme. I n most cases, verification improved; and in general, there was a slight increase in the number of analogs selected, while the ellipses usually were decreased in size. An example of the ditference in the results of the two interpolation schemes based on analogs for hurricane Camille is shown in figure 1. The ellipses, grid, and labeling were drawn by the x, y plotter. When using the centroid of the ellipses as the forecast position, the 72-hr vector error using linear interpolation was 273 n.mi. while that obtained using the nonlinear scheme was 225 n.mi. 
SELECTION OF ANALOGS
is illustrated in figure 2. The variables supplied to the computer each time the program is run are the name of the existing storm, its direction and speed of movement, the current date and time, the distance from the existing storm for which analogs are to be sought, and the ranges of heading and speed for which storms may qualify as analogs. All the storms on the history tape are eventually read in and tested to determine if they satisfy the criteria for analog selection. use of the persistence factor will be illustrated in the discussion of hurricane Francelia. When all the analog storms have been displaced as described above, their mean latitude and longitude (centroid) is computed for each hour and probability ellipses computed and drawn for 12, 24, 36, 48, and 72 hr. If desired, the probability that a storm will be located within a given radius of a specified point a t any of these times can be computed. Finally, a map is produced showing the eventual disposition of each adjusted analog storm by a 2%' latitudelongitude box. The numbers of these storms eventually passing through each 2s0 box is shown. A complete climatology of Atlantic tropical cyclones by 2jh' latitudelongitude boxes is given in Hope and Neumann (1'969). criteria in table 1 can be varied. I n general, when the ranges are increased, the number of storms selected decreases; but the average distance between the mean of the distribution (centroid) and the existing storm increases. The size of the ellipses also increases when the acceptance criteria are expanded. After the analogs have been selected, the mean latitudes and longitudes are computed hourly out to 72 hr. At the initial hour, all analog storms are translated to the position of the current or existing storm. Each storm is started out a t the same heading and speed as the current storm, but the persistence factor is reduced by g8 each hour so that by the 12th hour, for example, the displacement is due :5 to persistence and >i to the actual movement of the analog storm.
After 36 hr then, there is no persistence factor used, and the displacement is entirely that of the analog storm itself. It is to be emphasized that, since the heading and speed of the storm selected is restricted initially so that only those whose movement is similar to that of the existing storm are selected, the persistence factor does not greatly alter the result. However, it has been found that the inclusion of this factor does produce a distribution whose mean is generally closer to the position of the current storm for the first 36 hr. It was found also that no advantage was achieved by maintaining the persistence factor after 36 hr. Figure 3 is a computer printout of information pertinent to the 12-hr ellipse. Similar sheets are printed for the 24-, 36-, 48-, and 72-hr ellipses. First, on figure 3, there is a complete listing of all the storms selected as analogs, the 12-hr position, heading and displacement speed, distance from the current storm, and day number of each. (January 1 is day 1, etc.) Next, the semi-lengths of the major and minor axes and the area contained within each ellipse, beginning with the 0.05 ellipse and continuing at 0.05 intervals through 0.95 plus the 0.99 ellipse, are shown. Finally, the parameters from which the distribution was computed are listed along with other bits of supplementary information. Figure 4 shows the 2, y plot of the set of ellipses generated from Francelia based on the position, date, heading, and speed of movement. The actual track of Francelia has been superimposed. Only the 0.25 and 0.50 ellipses are drawn. It is seen that the path of Francelia coincided, in general, with the path of the ellipse centroids for the first 48 hr, but then Francelia turned southwestward, while the analog track continued toward the northwest.
A further illustration of the mechanics of analog selection applied to Francelia is seen in figures 5 and 6. Figure 5 shows the position of Francelia at 1200 GMT on August 30 and the 2jbo of latitude circle centered on its position together with the past track of Francelia and the tracks of the analog storms. The first step in analog selection for Francelia was to examine the tracks of each recorded tropical cyclone since 1886 to determine which, if any, passed through the acceptance circle. Once a storm was found to pass through the circle, it was examined further for additional selection criteria. Specifically, when approaching the closest point to the center of the circle, the tentatively acceptable storm had to be moving on a heading h22.5' from the 1200 GMT heading of Francelia, that is on a heading between 268.5' and 313.5'. Additionally, according to the speed criteria listed above, the speed could not depart more than 50 percent from the speed of Francelia. Storms that did not meet all of these criteria were removed from further consideration. A final screening removed any storm that passed through the acceptance circle, but more than 15 days on either side of the current date of Francelia, that is, earlier than August 15 or later than September 14.
I n this example, 15 storms were found to satisfy the selection criteria and therefore were selected as analogs. Applicable portions of the 15 storm tracks are shown in figure 5. These, of course, are the same storms listed at the top of figure 3 .
The initialsadjustment to the track of each analog storm, was to translate it from its position within the acceptance circle to the center of the circle, or to the initial position of Francelia. Each storm track was adjusted further so that its initial heading corresponded exactly with that of Francelia. This final persistence adjustment, as pointed out above, is phased out linearly so that, after 36 hr, the position of each analog storm is adjusted according to its initial bearing and distance from the center of the acceptance circle. Figure 6 shows portions of the final translated and adjusted tracks for each of the analog storms. The position 36 hr after the initial time is shown for each storm. Comparison of figures 5 and 6 shows the reduction in scatter accomplished by adjusting the tracks of the analog storms. In figure 7 , a circle of radius 2' of latitude centered on Swan Island has been shaded. The probability that Francelia would be centered within the shaded circle was computed to be 0.24. Probabilities that Francelia would be centered within the circle 48 and 72 hr after 1200 GMT on August 30 were computed, and these values were 0.33 and 0.13, respectively. Francelia actually passed over Swan Island 54 hr after the initial time. It can be seen in figure 4 that the highest probability would have occurred between 48 and 72 hr. The total probability of Francelia passing within 2' of latitude of Swan Island during the period 48 to 72 hr would, of course, be greater than a t either of those fixed times. Similar computations could have been made for offset circles of varying size. Center at the University of Miami.
VERIFICATION
Prior to the 1969 hurricane season, the HURRAN technique was tested on a number of fully developed hurricanes, all of which affected land areas. Assuming the centroid of the ellipses to be the verifying position, the actual results expressed as mean vector errors were very encouraging. I n all, the sample included 41 24-hr forecasts, 36 48-hr forecasts, and 34 72-hr forecasts. 
6.' DISCUSSION
During the 1969 hurricane season, an attempt was made to run the WURRAN program twice daily at 0000 and 1200 GMT on each storm, except in cases where it was certain in advance that no analogs would be found, such as in the case of hurricane Martha as it moved southward toward Panama. Table 3 shows the number of times five or more analogs were found for each storm and forecast period during 1969 and the number of official forecasts made from the same synoptic data.
It should be pointed out that HURRAN is an analogical rather than a climatological tool. The term "climatology" implies normality. HURRAN will work equally well with anomalous storms simply by rejecting all of the "normal" storm tracks. The only requirement is for a minimum of five storms with this particular anomaly to have occurred over the period of record. As the historic data file increases from year to year, additional anomalous storms will be included in the data tape, thereby increasing the effectiveness of the system. During the first half of the 1969 hurricane season, five or more analogs were obtained on more than half of the runs. However, the latter half of the season w&s disappointing in that only a small percentage of runs were successful. This was due, of course, to the anomalous character of the late season storms such as Inga, Kara, Laurie, and Martha. The HURRAN technique will not find analogs unless there have been past storms whose location, heading, and speed of movement can be compared to that of the current storm during the portion of the hurricane season in question. Impressions gained during the development of the technique lead to the belief that five or more analogs will be obtained on well over 50 percent of the attempts.
Work is continuing on ways to increase the usefulness of the WURRAN product. Avenues are being explored to find a way to combine the technique with objective forecast methods in use at the National Hurricane Center. An alternative course is to develop means of selecting and introducing synoptic parameters into the HURRAN technique.
It is evident, however, that the method of analog selection, where only those storms that had a number of features in common with an existing storm are chosen, often picks analogs from synoptic situations that have much in common with the current synoptic picture. This is considered to be a substantial contributing factor to the success of the technique thus far.
It can be argued that the storms of the earlier years, especially those of the previous century, were not sufficiently documented to use in this fashion. This shortcoming is admitted, and it is believed earlier storms eventuauy can be omitted from the history t'ape as new ones are added.
As stated above, it is believed that, in the long run, a substantially higher percentage of tries will be successful than was the case in 1969 when many of the late-season storms exhibited highly anomalous characteristics.
CONCLUSION
The HURRAN technique was found to be a valuable supplement to the forecast tools available a t the National Hurricane Center during the 1969 hurricane season.
I n addition, for determining quickly the disposition of storms selected as analogs, their rapid identification enables the forecaster to confine any perusal of past storm tracks and their concomitant synoptic patterns to those pertinent to his problem.
Forecasters a t the National Hurricane Center found, in the absence of strong indications to the contrary, that forecast positions frequently were improved if an effort was made to keep the forecast position within the 50 percent ellipse computed by the HURRAN technique.
During the 1970 hurricane season, the National Hurricane Center used the technique as an objective guide in determining areas for which hurricane watches were issued.
